In this study quasiparticle random-phase approximation with the translational invariant Hamiltonian using deformed mean field potential has been conducted to describe electric dipole excitations in 136 Xe, 138 Ba, 140 Ce, 142 Nd, 144 Sm and 146 Gd isotones. The distribution of the calculated E1 strength shows a resonance like structure at energies between 6-8 MeV exhausting up to 1% of the isovector electric dipole Energy Weighted Sum Rule and in some aspects nicely confirms the experimental data. It has been shown that the main part of E1 strength, observed below the threshold in these nuclei may be interpreted as main fragments of the Pygmy Dipole resonance. The agreement between calculated mean excitation energies as well as summed B(E1) value of the 1 − excitations and the available experimental data is quite good. The calculations indicate the presence of a few prominent positive parity 1 + States in heavy N = 82 isotones in the energy interval 6-8 MeV which shows not all dipole excitations were of electric character in this energy range.
Introduction
The existence of the Pygmy Dipole Resonance (PDR) is now well established as E1 excitations in spherical and transitional nuclei. This mode was first observed in neutron capture reactions [1] [2] [3] and from the beginning of the 1990s it has attracted considerable interest. Recently in the photon scattering experiments in N = 82 semi-magic 136 Xe, 138 Ba, 140 Ce, 142 Nd and 144 Sm nuclei a similar mode has been observed in the energy interval between 5.5 MeV and 8 MeV (see Refs. [4] [5] [6] [7] [8] and Refs. therein). A concentration of the electric dipole excitations exhausting up to 1% of the isovector E1 energy weighted sum rule is observed in all five nuclei around 6.5 MeV. These observations initiated a large number of both experimental and theoretical research into the PDR. A series of subsequent nuclear experiments [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] have shown that this is a common mode in nuclei at excitation energies around 7 MeV. Nowadays this mode has been found for isotopes ranging from the light nuclei (such as 17−22 O) up to lead isotopes including the transitional nuclei [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
There are different theoretical mechanisms to explain the strong fragmentation of the E1 strength of PDR observed in the experiments (see Refs. [4] [5] [6] and references therein).
Most models favor the picture of an oscillating neutron skin against a proton/neutron core (for a recent overview see Ref. [12] ). A clear correlation of the total PDR strength and the thickness of the neutron skin confirming the results in the above mentioned model, obtained in calculations for N = 82 isotopic chains [18, 19] . However, the recently observed fundamental discrepancy [15, 20] between the (γ γ ) and (α α γ ) data, i.e., a splitting of the PDR into two parts with different underlying structure for 138 Ba and
140
Ce provide a new challenge for model calculations.
In spherical even-even nuclei dipole excitations are connected with particle-hole transitions between the neutronneutron (proton-proton) levels with the change of the principal quantum number ∆N = ±1 with energy 1 ω 0 . Therefore below 6 MeV one cannot expect an appreciable number of spin-1 states, and this has been confirmed by the previous calculations [21] . The energy for the lowest ph dipole state with odd parity is expected at an excitation energy around 6-7 MeV, there may exist a quadrupoleoctupole two-phonon state. For example, quasiparticlephonon model (QPM) calculations in a spherical base nicely account for this [22] but cannot explain the high density of low lying dipole states (E < 6 MeV) observed in N = 82 isotones [4] [5] [6] 23] and the chain of tellurium isotopes [24] . Such high density of levels can be explained only with taking into account higher phonon degrees. Another explanation for the high density of levels would be deformation. As in N = 82 isotones the neutron number is a magic number and therefore the neutron system has a spherical form, but as the proton number is different from the magic number the proton system may have small deformation which can increase density of dipole states. Therefore the observed high density of dipole states at this low energy cannot be explained with the assumption that these nuclei are spherical in the ground state, which has been confirmed by the previous calculations in the quasiparticle random phase approximation (QRPA) [25, 26] and the QPM models [27] .
By now some theoretical results confirming the deformation of N = 82 semi-magic nuclei have been published [26, 28] . The deformed base model has been quite successful in describing the M1 and E1 excitation properties in vibrational tellurium and γ-soft platinum isotopes [24, 29] . However the underlying assumption of an axially deformed mean field may be questioned for these nuclei under investigation. Moreover, when the mean field is deformed, the j-shells split with respect to the magnetic quantum number K and this in turn leads to the splitting of the spherical spin 1-states and to mixing of the states of multiplets. Therefore, taking into account the above, it would be very interesting to use the deformed mean field potential for proton systems to investigate N = 82 nuclei.
Also it is well known that the models which use the Hamiltonian with broken translational or rotational symmetry strongly overestimate the E1 and M1 strength, respectively [30] [31] [32] [33] [34] . Thus taking into account the translational and rotational invariance for separation of the zero energy spurious solutions, is important for a correct description of the 1 + and 1
−
states and the ground state correlations [30, 31] . By now there are several papers dealing with the PDR excitations within the framework of the QRPA and QPM approaches with translational non invariant Hamiltonians in N = 82 nuclei [13, 19, 23] . In those papers calculations reproduce the experimental features of the PDR mode and generally the calculated summed B(E1) and energy centroid are overestimated compared to experimental results even when the experimental sensitivity limit is taken into account. As a rule, the description of the excitations with λ =1 in all QPM calculations has been performed without taking into account the effects associated with the broken symmetry of the model Hamiltonians and spurious states. It would be very interesting to research the effect of translational invariance to the results.
This study aims to, using deformed mean field basis for proton system, calculate the B(E1) strength distributions and the dependence of the EWSR and NEWSR of B(E1) value on the N/Z for the PDR mode in 136 Xe, 138 Ba, 140 Ce,
142
Nd and 144 Sm in the framework of the translational invariant quasiparticle random phase approximation. The results presented have been obtained using the model described in [24, 31, 33, 35] . In those studies, by selecting suitable separable effective forces, the translational invariance is restored for the calculation of E1 excitations without introducing additional parameters. In addition the role of the restoration of broken invariants in the description of the low lying dipole excitation in mentioned N = 82 izotones. Another scope of this work is investigating if the E1 excitations overlaps with the spin-flip M1 strength and K = 0 branches of electric dipole responses Thus, these results permit a direct comparison with experimental dipole strength distributions deduced from (γ γ ) experiments. Together with the experimental information on possible M1 candidates from other experiments they provide a guideline to extract the PDR mode strengths and explore its features.
Theory
Let us consider a system of nucleons in an axially symmetric average field interacting via pairing forces. In this case the corresponding single-particle Hamiltonian of the system is given as
where ε are the single-quasiparticle energies of the nucleons and isospin index τ takes the value ( ) for neutrons (protons), α + (α ) is the quasiparticle creation (annihilation) operator and single-particle states |˜ are the time-reversed of | According to Ref. [31] the translational invariance of the single-quasiparticle Hamiltonian can be restored with the aid of a separable isoscalar effective interactions of the form
Here P µ are the spherical components of the linear momentum and µ = 0 ±1. The coupling parameters
are determined by the mean field parameters of the Hartree-Fock-Bogolyubov ground state |0 . Supposing now that the restoring translational isoscalar 0 and also isovector dipole-dipole interactions generate the 1 − -states in deformed nuclei, then the model Hamiltonian representing these states can be written as
For the translationally invariant dipole interaction we use the isovector form
Here, χ 1 denotes an isovector dipole-dipole coupling constant and R and R are the c.m. coordinates of the neutron and proton systems, respectively.
In the QRPA method, the collective 1 − -states are considered as one-phonon excitations described by
where Q + is the phonon creation operator, |Ψ 0 is the phonon vacuum which corresponds to the ground state of the even-even nucleus and A + = α + α + (A = α α˜ ) is a two-quasiparticle creation (annihilation) operator with K = 0 and K = 1 (K the angular momentum projection on the symmetry axis). Further ( ) denotes the singlequasiparticle states of the nucleons. The two quasiparticle amplitudes ψ (τ) and (τ), are normalized by
Following the well-known procedure of the RPA method, one can find the eigenfunctions and eigenvalues of the Hamiltonian. To obtain the excitation energies, one has to solve the equation of motion
Omitting details of the solution of (8), we give only the most relevant equations. In particular, the secular equation for the excitation energy of 1 − -states can be written as
Here ε is two quasiparticle energies. The singleparticle matrix elements for dipole transition operator ( µ ) and linear momentum operator ( µ ) are denoted by and respectively. The expressions L = ν − ν and U = ν + ν are defined in the usual Bogolyubov notation. The sum Σ (τ) denotes the summation over either the neutron or the proton states. One of the solutions of Eq. (9), with ω 0 = 0, belongs to the translational motion H = P 2 2 A of the nucleus as shown [31] . The static limit of the function M (ω = 0) gives the mass parameter A and coincides in the form with well known expression B − M without isovector dipole-dipole interactions [21] .
The remaining solutions of (9) with ω > 0 describe harmonic vibrations of the system, lying above the threshold of the first two-quasiparticle energy. Classically, the vibrations correspond to oscillations of center of mass of the neutron and proton systems, the centre-of-mass (c.m.) of the nucleus being at rest. 
Results and discussions
The numerical calculations are made within the WoodSaxon potential with quadrupole δ 2 deformation. The mean field deformation parameters δ 2 are calculated according to [21] using deformation parameters, β 2 , defined from experimental quadrupole moments [36] . The singleparticle energies were obtained from the deformed WoodsSaxon potential [37] . All the single particle bound levels for neutrons and protons were included in the calculations. This results in about one thousand two-quasiparticle dipole states for the each parity. The pairing-interaction constants taken from Soloviev [38] are based on singleparticle levels corresponding to the nucleus studied. Values of the pairing parameters ∆ and λ are shown in Tab. 1. The model contains a single parameter for the electric dipole excitations. Calculations for E1 excitation were performed according to [24] using a strength parameter
which is suggested for the isovector dipole-dipole interaction in order to describe the centroid of the giant dipole resonance. Its magnitude is related to the isovector symmetry potential and the above value is in close agreement with the analysis of Bohr and Mottelson [21] . The resulting coupling strength is in good agreement with the one derived in [39] for low-lying E1 transitions in 172 Yb. The model-independent sum rule for the electric dipole matrix elements [24] can be written as
which is independent of the pairing interactions, served as a test of the completeness of the basis. In Eq. (10), E (E ) and are the single particle energies and the dipole matrix elements, respectively, and ( ) denote the pairing occupation parameter and N τ is the number of particles with τ = . In models with broken translational symmetry each 1 − -excitation has an admixture arising from the center-ofmass (c.m.) motion. In microscopic calculations the effect of the restoration of broken symmetry of the Hamiltonians and separation of spurious states is very important for reliable description of dipole excitations in nuclei [24] [25] [26] . In order to determine the energy region where the admixture of the spurious state is of importance, we calculated the overlapping integrals between 1 − excitations calculated within the non translational invariant model and the spurious state for
A typical distribution of the mean squares of the overlapping integrals with respect to the energy spectrum is shown in Fig. 1 for 138 Ba. The calculation shows that the admixture of the spurious state does not exceed 20% in any individual 1 − state which is valid for all of three nuclei considered. It is found that the main part (∼ 60%) of the spurious state is spread over many levels in the energy interval between 7.5 MeV and 9 MeV with the largest admixtures being situated in the region of energy spacing between nuclear shells 1 ω However, it should be noted that the effects of the translational invariance and isolation of c.m spurious motion in the low lying E1 dipole excitations below 6 MeV are relatively small (admixtures of the spurious state is about 1 to 2%) in nuclei and weakly independent on the mass number Refs. [33, 34] value as a function of the excitation energy are shown on the left and right side of the figure, respectively.
The strong fragmentation of the E1 strength in the energy range 6-8 MeV is reasonably well described in the present calculation. As shown in Fig. 2 Gd isotones, we have included this nucleus in our calculations to allow better analysis of the distribution of summed strength.
As shown in Tab. 3 the calculations with the translational invariant Hamiltonian (a) reproduce comparatively well the main experimental features of the PDR mode as summed ΣB(E1) [4] [5] [6] . It is apparent from Tab. 3 that the Ce. This is greater than the corresponding experimental PDR mode strength value for 140 Ce with summed B(E1) = 0 308 e 2 fm 2 and for typical N = 82 isotones in the energy range 6-8. 
B(E1 ω )
We are specially interested in A dependence ofω and comparing experimental data to the theoretical expectations. Comparison of PDR energy centroid calculated with the translational invariant QRPA with experimental data [4] [5] [6] 8] are shown in Fig. 4 . As can be seen in Fig. 4 the agreement between the experimental and theoretical data is quite good. Remarkably, the weak dependenceω ≈ 40A
MeV on the mass of nucleus is visible, despite the presence of relatively strong high-lying states which form GDR mode in the energy interval 11-14 MeV. It is well known that in heavy spherical and deformed nuclei there exists very broad M1 resonance at energy between 7 and 11 MeV centered on an energy on the ordered of about 44 · A −1/3 MeV [40] . It is interesting to investi- gate the possible contribution of the spin-flip resonance to dipole width in the PDR energy region. Unfortunately, for the case of N = 82 nuclei, explicit parity determination for most of the observed dipole states up to particle threshold energy were not performed experimentally [4] [5] [6] 8] . Recent experimental data for 140 Ce nuclei negative parity has been determined for the eleven dipole excitations. These to form only parts of excitations observed in Refs. [4] [5] [6] . However, it is not possible to generalize all the dipole excitations lying in the 6-8 MeV energy region on this experimental data. So it would be interesting to investigate the contribution of M1 strength to 6-8 MeV region. In order to establish relative contributions of the positive and negative parity dipole excitations we use ground-state transition widths-Γ 0 for M1 and for E1 transitions, which can be calculated with formulas
Comparative characteristics of the E1 and M1 dipole transition widths Γ 0 calculated with the translational invariant Hamiltonian for the N = 82 isotones in the energy interval 6 ÷ 8 MeV are cited in Tab. 4. As can be seen from Tab. 4 in the energy interval 6÷8 MeV in 136 Xe and 138 Ba nuclei the relative contribution of 1 + states to the summed ground-state transition dipole widths Γ 0 is almost 8%. The analyses show that in these nuclei the M1 strength is usually smeared out over the entire energy interval with little or no clustering so that none of them exceeds the detection limit mentioned [4] [5] [6] 8] . So the main parts of spin-1 states observed in 136 Xe and 138 Ba nuclei may be attributed to E1 character and may be interpreted as main fragments of the PDR mode. As can be seen from Tab. 4 for the case of 140 Ce, 142 Nd and 144 Sm, this assumption can be ruled out. since the relative contribution of M1 transitions to total dipole decay width is 18.7%, 24% and more than 30% respectively. The calculations show that in heavy N = 82 isotones below and close to mid-shell, that the predicted QRPA B(E1) strength is fairly strongly fragmented among the energy interval 6-9 MeV although most of the strength is concentrated close to the neutron threshold energy. However in the PDR energy one can find 1 + states in which the B(M1) value exceeds the experimental detection limit [4] [5] [6] . For example in 144 Sm 
Conclusions
In this paper, the deformed mean field potential in the QRPA approach suggested in [24] has been carried out to describe the PDR mode in the even-even 136 Xe, 138 Ba, 140 Ce, 142 Nd and 144 Sm and 146 Gd nuclei. The agreement between calculated mean excitation energies as well as summed B(E1) values of the 1 excitations and the available experimental data is quite good. This agreement cannot be explained by the assumption that the nucleus is spherical in the ground state. So another explanation of the experimentally observed high density would be deformation.
The effects of separations of the spurious c.m motion on the properties of PDR mode excitations have been investigated. The marked differences between the results for 1 − -states calculated with and without taking into account the translational invariance indicate the importance of the approaches which are free from spurious solutions. A separation of the translational spurious state from the 1 − states changes the distribution of the B(E1) strength in the 6-8 MeV energy region and increases the fragmentation of the E1 strength in agreement with the experimental data. The results that have been obtained for E1 dipole excitations indicate the importance of using the translational invariant Hamiltonian to explain experimental data validating this model. Summarizing these results, we can expect that in the nuclei considered the most intensive part of dipole excitations at energy 6 ÷ 8 MeV (from the point of view of the contribution to the total dipole width) will correspond to E1 transitions and may be interpreted as main fragments of the PDR mode. The calculation shows that in N = 82 isotones below and close to mid-shell, such as 140 Ce, 142 Nd and 144 Sm nuclei about 20 ÷ 30% of the predicted B(M1) strength is concentrated in the 6-8 MeV energy interval. This suggests that 'all dipole excitations were of electric character in N = 82 isotones' can not be generalized.
Therefore additional experimental evidence, particularly for heavy N = 82 isotones below and close to mid-shell, is needed to resolve the issue. Obviously, more experimental data with good accuracy are needed to obtain detailed information on the signature of the PDR mode E1 states and to draw a decisive conclusion in N = 82 isotones. The choice of the isoscalar restoring forces in a selfconsistent manner with mean field potentials based on the translational invariance of the Hamiltonian makes it possible to treat the PDR mode more rigorously without any extra isoscalar dipole-dipole interaction parameter.
